Abstract Diverticular disease (DD) is one of the most prevalent gastrointestinal disorders. The pathogenesis of diverticulosis and DD is controversially discussed. Current studies call the traditional concept of a fibre-deficient diet causing the development of diverticula into question. Data from two recent twin studies have provided conclusive evidence for a strong genetic component to diverticulosis. Although genomewide association studies have provided new insights into the polygenic architecture of human diseases, genomic research in diverticulosis and DD has just been started. This is an astonishing fact given the high morbidity and mortality of the disease, as well as the substantial economic burden on health care systems. For this review, we provide an update of the molecular pathobiology and summarise recent evidence supporting the hypothesis that distinct, yet unidentified genetic variants contribute to the development of diverticulosis and DD.
Introduction
Colonic diverticula are acquired submucosal herniations through weak areas of the intestinal smooth muscle such as blood vessel entry sites. Diverticular disease (DD) represents a serious burden to health care systems. Recent cost estimates in the United States (US) were reported to be $2.7 billion. 1 Estimates of DD-associated mortality in Europe indicated that 23,000 deaths occur per year, 2 and the prevalence has been rising further. Though mostly asymptomatic, a subgroup of patients develop associated morbidities, in particular irritable bowel syndrome (IBS)-like symptoms (symptomatic DD), which is also referred to as post-diverticulitis-IBS. 3 The term diverticulitis is used to describe inflammation of the diverticula. It is generally estimated that at least 10% of patients with diverticulosis develop diverticulitis during their lifetime, but a recent large retrospective study from the US reported a lower incidence of about 4%. 4 Diverticulitis can lead to potentially life-threatening complications such as colonic perforation, abscess formation, or bowel obstruction.
Aside from aging, previous studies have identified different environmental factors as being risk factors for the formation of colonic diverticula in the gut. Recent epidemiological data point to genetic factors contributing to the development and progression of DD. To date, the inherent genetic risk remains unknown. Therefore the aim of this article is to review recent studies to summarise the current evidence on the pathophysiology of diverticulosis and DD with a particular focus on genetics, as two recent landmark twin studies 5, 6 provide conclusive evidence for genetic risk factors. Currently, there is no widely accepted definition of the different terms of the condition, and they are used inconsistently by different authors. Box 1 summarises the terminology used throughout the review to define diverticulosis, DD and its complications.
Environmental factors Fibre
The hypothesis that DD is a diet-related disease of Western civilisation was introduced by Painter and Burkitt in the 1960s based on their observation that diverticulosis was common in urbanised countries and rare in rural Africa. 7 The difference was attributed to the fact that a low-fibre diet reduces stool volume, decreases colon diameter, increases intraluminal pressure on the colonic wall in accordance with Laplace's law, and thus creates diverticula. This was followed by several observational studies evaluating the role of dietary fibre. [8] [9] [10] The evaluation of the influential role of dietary constituents in health and disease is complex, and these studies are limited by selection bias, the inherent difficulties in accurately capturing dietary intake, possible inadequate accounting for confounding variables, and different diagnostic modalities for the assessment of the prevalence of diverticula. Two large cross-sectional studies by Peery et al. could not find a protective effect of dietary fibre: In their cross-sectional study containing 2108 patients from the Vitamin D and Calcium Polyp Prevention study, a fibre-rich diet was not associated with a decreased risk for diverticulosis 11 (odds ratio (OR) 0.96); in their second cross-sectional study containing 2104 patients from the Diet and Health Study those patients within the highest quartile of fibre intake were found to have greatest prevalence of diverticulosis. 12 In conclusion, the traditional protective role of fibre in the pathogenesis of diverticulosis and DD is currently being called into question. The differentiating role of the fibre subtypes (soluble/insoluble) has not been adequately investigated; nevertheless, some data suggest that insoluble fibre might be more protective. 12 With respect to (symptomatic) DD, the Health Professionals Follow-up Study (HPFS) 13 comprising 51,000 US male health professionals and the Oxford cohort of the European Prospective Investigation into Cancer and Nutrition (EPIC) 14 consisting of 57,000 patients from the United Kingdom (UK) found a protective effect of a fibre-rich diet. This finding is reinforced by data from the prospective Million Women Study from the UK, which observed a reduced incidence of DD on a high-fibre diet; this finding did, however, depend on the specific sources of fibre, with the lowest risk resulting from fruit consumption. 15 
Non-fibre dietary constituents
Additionally, several non-fibre dietary constituents have been linked to diverticulosis and DD:
Vitamin D. Vitamin D regulates intestinal proliferation and is important to maintain colonic homeostasis by modulating inflammation. Among patients with diverticulosis, higher levels of 25-hydroxyvitamin D are associated with a lower risk of diverticulitis. 16 This is supported by findings from a large study showing low ultraviolet (UV) light exposure is associated with diverticulitis. 17 The molecular mechanisms behind the role of vitamin D in (complicated) DD have to date not been investigated but could be related to its anti-inflammatory effects. 18 Vegetarian diet. The vegetarian diet causes an altered colonic microbiota and has been linked to protection from colon cancer. In the EPIC cohort, after adjusting for important confounding variables such as dietary intake of fibre, a reduced risk for DD was found in vegetarians. 13 Similar observations were made in a previous study by Gear et al. 19 Red meat. Red meat is another dietary risk factor for colon cancer and obesity and was assessed in several studies. In the HPFS and EPIC cohorts, increased intake of red meat conferred a higher risk for DD 13 and symptomatic DD.
14 Although this is supported by smaller studies, 8, 20 a recent cross-sectional analysis by Peery et al. 12 found no association between the intake of red meat and the prevalence of diverticulosis.
Nuts and corn. Mechanistic considerations link indigestible nutrient constituents with DD. It is hypothesised that they might occlude diverticula and therefore cause DD and particularly diverticulitis. A large prospective study in the HPFS cohort found inverse associations 21 This, however, still needs to be confirmed by further studies.
Smoking
Smoking is a proinflammatory stimulus and the major preventable and modifiable cause of death worldwide. A prospective study found an increased incidence of symptomatic DD in women who were smokers. 22 Moreover, a higher frequency of complicated DD may be present in smokers, as evidenced in several large case series.
23,24

Physical activity
Increased physical activity decreases colonic transit time and colonic pressure and thus is speculated to reduce the incidence of diverticulosis and DD. In the Diet and Health Study with 2104 participants, Peery et al. 12 found no association between physical activity and diverticulosis. In contrast, physical activity is reported to lower the risk of complications of DD including diverticulitis and diverticular bleeding.
25,26
Obesity
The frequency of DD has increased steadily concomitant with elevated rates of obesity during the past decades. Obesity is a well-known risk factor for many digestive disorders such as colon cancer, gallstone disease, and gastro-oesophageal reflux. An increased body mass index (BMI) has been linked to an elevated risk for diverticulitis and complicated DD in large prospective series. Rosemar et al., 27 Strate et al. 28 and Hjern et al. 26 reported large prospective population-based series that show an association between complications of DD and obesity. The role of obesity in the development of diverticulosis was investigated in three studies: Song et al. 29 and Strate et al. 28 could not find an association, in contrast to the Israeli study by Kopylov et al. 30 (3175 patients), which found an association between obesity and diverticulosis using multivariate analysis.
Constipation
Constipation is speculated to be associated with the development of diverticula by increased pressure on the colonic wall, yet recent studies have found no evidence for a diverticulogenic role of constipation; 11, 12 therefore, constipation should not be considered a risk factor at present.
Drugs
The utilisation of opiate analgesics, corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs) has been associated with complications of DD in several studies. [31] [32] [33] The strongest data are available for NSAIDs, as evidenced in a recent meta-analysis 34 summarising 11 studies for diverticular perforation (OR 1.46-10.5 with a pooled increased odds of 3.4) and 12 studies for diverticular bleeding (OR 1.0-15.6 with a pooled increased odds of 2.7). The largest study within the HPFS cohort found an increased risk for diverticulitis and diverticular bleeding with regular use of aspirin or NSAIDs. 35 
Genetic factors
Epidemiologic studies: at-risk populations
The actual prevalence of colonic diverticulosis is difficult to determine because most individuals with colonic diverticula are asymptomatic. 4 Epidemiological studies report remarkable variations in prevalence rates and predominant location of diverticula depending on ethnicity. Additionally, several inherited diseases of the connective tissue have been connected with DD and diverticulosis: Ehlers-Danlos syndrome (EDS) type IV, WilliamsBeuren syndrome, polycystic kidney disease, CoffinLowry syndrome, and possibly Marfan syndrome.
Ethnicity
Despite the fact that the prevalence of diverticula is difficult to assess and only limited data exist, it is generally accepted that diverticula in Western countries are predominantly localised in the left colon, whereas in Asian countries they occur predominantly in the right colon. 36 Studies in multiracial populations sharing similar living conditions have also found ethnic differences in prevalence rates. [37] [38] [39] From the prevalence rates of diverticulosis and DD in different ethnicities, data on ethnic subgroups can be aggregated. Table 1 summarises available information on the location and frequency of diverticulosis in different ethnicities.
Europe and America. Traditionally, high prevalence rates for diverticulosis are reported for Europe and North America. This is based on two dated but repeatedly cited studies (29.7% 19 and 18.3% 59 ). Indeed, large recent epidemiological studies have confirmed these prevalence rates (27.0-42.8%). 12, 53, 56 Africa. Mostly small series (maximum 20 patients) are available. Larger studies by Calder (226 patients), 40 Ogunbiyi (603 patients), 42 43 report low prevalence rates (1.9-9.4%), while newer prospective data suggest prevalence rates approximating those in Western countries. 60 Asia. Whereas older studies found low prevalence rates (1.6-20.0%), 46, 61 longitudinal studies reported rising prevalence rates (8.4-45.0%), 51, 62 which is supported by newer series reporting a higher frequency (24.5% 47 and 20.3% 48 ). The reasons for the differences in prevalence depending on ethnicity have yet to be studied systematically. They might be associated with differences in the level of exposure to specific environmental factors that contribute to the development of diverticulosis and DD across different world regions, such as the intake of fibre, 13, 14 red meat, 14 vitamins, 16 vegetarian diet 13 or prevalence of obesity. 28 Genetic factors contributing to the development of diverticulosis and DD are likely though. 5, 6 Migration studies
The distribution of DD and diverticulosis is often believed to be dictated by diet and environment. Migration studies are used to understand the influence of genetic and environmental factors in diseases whose incidence varies depending on ethnicity. Here, moving populations are assessed, and no change in disease incidence despite adopting the new environmental factors hints towards causal genetic factors. Turkish migrants in the Zaanstreek region (The Netherlands) have a significantly lower incidence of diverticulosis than the native Dutch population: For example, 7.5% of Turkish immigrants were found to have diverticulosis, in contrast to 50% of native Dutch. 38 The predominant location of diverticula in Japanese living in Hawaii with Western living conditions and diet remains on the right side, indicating the role of genetic factors. 39 
Inherited diseases of the connective tissue
Several inherited diseases of the connective tissue are associated with diverticulosis and DD. This can be explained by the hypothesis that upon a weakness of the colonic wall, which is commonly affected in these diseases, aging and other environmental factors contribute to the development of diverticula. Large crosssectional studies are not available though, and the molecular mechanisms are unknown. In this section we summarise the current evidence on the association of diverticulosis and DD with inherited diseases of the connective tissue.
EDS. EDS is a group of inherited connective tissue disorders caused by defects in collagen synthesis.
The severity of the syndrome varies. EDS most typically affects the joints, skin, blood vessels and gastrointestinal tract. Major signs are hyperelasticity of the skin and hypermobility of the joints. EDS type IV (Online Mendelian Inheritance in Man (OMIM) 130050) is an autosomal-dominant defect of type-III collagen synthesis due to COL3A1 mutations. The phenotype is characterised by a peculiar facial appearance and spontaneous rupture of the bowel and large arteries. Small case series finding diverticulosis at an early age (two cases each) 63, 64 and two larger studies finding 28% colonic complications 65 and various intestinal complications in an older study 66 suggest an increased prevalence of DD in EDS type IV.
Williams-Beuren syndrome. Williams-Beuren syndrome (OMIM 194050) is a rare neurodevelopmental disorder that is characterised by a distinctive facial appearance, developmental delay and cardiovascular malformations. It is caused by a deletion on chromosome 7q11.23. The deleted region includes more than 25 genes (CLIP2, ELN, GTF2I and LIMK1 are among the genes that are typically deleted). Gastrointestinal symptoms are among the most common findings of the syndrome, which includes gastro-oesophageal reflux, constipation, rectal prolapse, hernias as well as the occurrence of DD at an early age in one series (prevalence 10.9% at mean age 26.9 years) 67 and a case report of diverticulitis in a boy at the age of 9 years. 68 Autosomal Dominant Polycystic Kidney Disease (ADPKD). ADPKD results in cystic kidney dysfunction and can be caused by mutations in different genes: PKD1 (OMIM 173900), PKD2 (OMIM 613095) and PKD3 (OMIM 600666) cause a similar phenotype. Diverticulosis is a common finding in ADPKD, with one study finding a prevalence of 83% 69 and another 75%. 70 The diverticula are predominantly located in the right colon. The incidence and severity of diverticulitis is markedly increased in patients with ADPKD, 71 hence even prophylactic colectomy before kidney transplantation has been recommended in individual cases. Although larger case series are needed, it seems reasonable to consider diverticulosis as an extrarenal manifestation of ADPKD.
Coffin-Lowry syndrome. Coffin-Lowry syndrome (OMIM 303600) is an X-chromosomal semi-dominant genetic disease that is caused by mutations in RPS6KA3, which encodes for ribosomal S6 kinase 2. This kinase has regulatory functions in skeletal and neural development. The syndrome is characterised by mental retardation that is commonly associated with auditory and visual abnormalities and kyphoscoliosis. Even though larger case series are missing, an autopsy case in siblings suggests that these patients might be prone to the development of diverticula. 72 Marfan syndrome. Marfan syndrome is transmitted as an autosomal dominant trait and displays a broad phenotype. The most serious complications are afflictions of the heart valves and aorta. Other organs likely to be affected include the lungs, eyes and bone. Case reports suggest a possible higher frequency of diverticulosis in Marfan syndrome type 1 73, 74 (OMIM 154700), but the prevalence of diverticulosis in Marfan syndrome is currently unknown; therefore, larger studies are needed.
Twin studies
Recently, two large twin studies calculated the heritability in DD. Twin studies take advantage of the fact that monozygotic twins share 100% of their genome, whereas dizygotic twins share about 50% of their genes. Twin studies compare the similarity of the phenotype of monozygotic and dizygotic twins. If the phenotype of monozygotic twins is significantly more similar than in dizygotic twins, this indicates the presence of influential genetic factors. Statistical calculations (structural equation modelling (SEM), tetrachoric correlation, ACE/ A&E models) are used to estimate the heritability of DD. Box 2 defines the terminology used for twin studies in this review. Granlund et al. 5 linked the Swedish Twin Registry to the Swedish Inpatient Registry. A total of 104,452 twins born between 1886 and 1980 and not dead before 1969 were included, among whom 2296 presented with DD. The OR of developing the disease given one's co-twin was affected was 7.15 (95% confidence interval (CI) ¼ 4.82-10.61) for monozygotic twins and 3.20 (95% CI ¼ 2.21-4.63) for samegender dizygotic twins. Accordingly, concordance rates (0.12% vs 0.06%) and tetrachoric correlations (0.43% vs 0.21%) were significantly higher in monozygotic compared to dizygotic twins. Using SEM and the AE model, 75 the heritability was estimated to be 40% and the non-shared environmental effects were calculated to account for 60% of the trait variability (Figure 1(a) ). The Danish twin study, 6 using the Danish National Registry of Patients linked to the Danish Twin Registry, included 30,322 twins born between 1870 and 2010 who were alive and living in Denmark in 1977. Among them 923 twins presented with DD. The relative risk for diverticulosis in siblings of index cases was 2.92 (95% CI ¼ 2.50-3.39) as compared with the general population. The heritability (AE model) was estimated to be 53% (95% CI ¼ 45-61%) (Figure 1(b) ). In conclusion, these two populationbased twin studies provide evidence that genetic factors contribute significantly to susceptibility for DD.
Family and linkage studies
Currently no large family studies are available. Several case reports describe the occurrence of familial diverticulosis and DD: Cases of severe sigmoid diverticulitis in monozygotic twins were presented by Pusch et al. 76 and Frieden and Morgenstern. 77 Early occurrence of diverticulosis was described in three Nigerian siblings, 78 three sisters in Italy, 79 two young adult brothers 80 and two siblings under the age of 20. 81 
Association studies
Association studies are widely used to assess the role of common genetic variants in complex traits. 82 They compare the frequencies of genetic variants between cases and controls. Though data from association studies in diverticulosis and DD are scarce, only a small candidate-gene study with only 26 patients reported a single nucleotide polymorphism (SNP) in TNFSF15 (rs7848647), 83 which was associated with diverticulitis requiring surgical therapy. Polymorphisms in TNFSF15 are associated with inflammatory bowel disease (particularly with a severe phenotype in both ulcerative colitis and Crohn's disease) as well as pouchitis. The cytokine TL1A, which is encoded by TNFSF15, belongs to the tumour necrosis factor (TNF) ligand family and thus might mediate inflammation in DD. The study, however, assessed surgically treated diverticulitis only and, because of the small Box 2. Statistical genetics for twin studies ACE/A&E model Model to estimate the proportion of variation in trait susceptibility attributable to shared genetic effects (A), shared environmental effects (C) as well as non-shared, i.e. individual environmental effects (E); if there is no significant reduction in fit of the restricted model, the C parameter can be dropped, resulting in estimates of A and E (A&E model) Heritability Proportion of the total phenotypic variance of a trait that can be attributed to genetic effects Structural equation modelling (SEM) Method to estimate the proportion of variation of shared genetic and environmental effects on a phenotype as the contribution of unmeasured (latent) variables to the potentially multivariate phenotypic differences Tetrachoric correlation Measure assuming an underlying binormal distribution of susceptibility with multiple factors contributing additively and a threshold value that differs as presence or absence of the trait; higher tetrachoric correlation in monozygotic compared to dizygotic twins indicates the presence of genetic effects sample size, the findings remain inconclusive for diverticulosis and DD. Another candidate-gene study (n ¼ 52) assessing colon cancer risk variants coincidentally found an association between diverticulosis and a variant in RPRM, 84 with SNP frequencies deviating from Hardy-Weinberg equilibrium in patients with DD. RPRM is a tumour suppressor gene and involved in the regulation of p53-mediated G2 arrest of the cell cycle. In line with the hypothesis that diverticula are protrusions through vulnerable locations in connective tissue, genetic polymorphisms predisposing to other protrusions in the connective tissue have been identified in larger series in DD-related diseases such as in hiatus hernia 85 or pelvic prolapse. 86 
Monogenic diverticulosis/DD
Currently, no case of monogenic DD is known, and no causative mutations could be identified.
Conclusions
DD is a common disease characterised by considerable inter-individual variability in terms of severity and morbidity. The spectrum of the disease ranges from the asymptomatic presence of diverticula to severe complications such as perforation requiring emergency surgery. Diverticulosis and DD with its different stages have distinct risk factors, both genetically and environmentally. Diverticulitis and its complications are caused by the onset of inflammation, which represents a pathomechanism not involved in the diverticula in diverticulosis. Most risk factors for the specific conditions have not been defined yet. Inherited diseases of the connective tissue, such as EDS, PKD and WilliamsBeuren syndrome, are associated with diverticulosis. Different ethnicities sharing similar living conditions display distinct prevalence rates, and migration into Western countries appears to have no major effects on the phenotype of diverticulosis and DD. Recently the heritability as calculated in twin studies has provided conclusive evidence that genetic factors contribute to DD susceptibility. Even though these results have to be proven for asymptomatic diverticulosis, DD and diverticulosis should be considered as a complex genetic disease resulting from environmental factors interacting with multiple susceptibility genes and disease modifiers. The multifactorial aetiology appears to be the most challenging task in identifying the disease-causing mechanisms. Once identified, susceptibility genes may allow preventive screening and development of novel therapeutic options. To identify predisposing genetic polymorphisms, improvements in sequencing technologies allow the development of high throughput, parallel sequencing. 87 Genomewide association studies (GWAS) have had great success in identifying genetic loci for complex diseases such as type 2 diabetes, rheumatoid arthritis, obesity and Crohn's disease. GWAS have not been conducted in diverticulosis and DD at this point and are urgently required to identify common risk variants. By focusing on transcribed gene regions, time and effort can be reduced by exome sequencing, but this approach spares noncoding regions, which might also be of interest. Thus this strategy might serve as a first step, and could be further extended to genomic analysis of structural variation, epigenetic modifications and transcriptomics of DD in the future. Collaboration within large consortia and multidisciplinary efforts are necessary to shed light on causative genetic variation in diverticulosis and DD. As the costs are continuously dropping, (sequencing-based) GWAS are likely to identify common ''diverticulogenic'' genes in future. The discovery of these genes might provide opportunities to control the influence of specific environmental factors. This could also lead to the development of (a) (b) Figure 1 . Pie diagrams depicting the contribution of genetic and environmental factors to the development of diverticulosis in twins. SEM was employed to estimate the contributions of the factors to the phenotypic variation observed among 2296 twins with DD in the Swedish Twin Registry (primary and secondary diagnoses, Figure 1(a) ) and 923 twins with DD in the Danish Twin Registry (Figure 1(b) ) assuming AE models. SEM: structural equation modelling; DD: diverticular disease; A: genetic effects; E: individual environmental factors.
interventions that extend our currently limited knowledge for the prevention and therapy of this exceptionally prevalent digestive disease.
